Abstract: This work presents a selective overview of natural fogs in terms of fog types, forms and states of occurrence, physical, micro-physical, chemical and dynamic properties, basic characterizing parameters, etc. In focus are related achievements and contributions reported mainly during the last decade and a half, as a result of both laboratory studies and field observations. Processes of homogeneous and heterogeneous nucleation are analyzed in the aspects of condensation, nuclei diversity and specifics, as related to the activation, growth and deposition of fog droplets. The effect is highlighted of the water vapor's partial pressure on the surface tension of the liquid water-air interface and the freezing point of the water droplets. Some problems and aspects of fog modeling, parameterization, and forecasting are outlined and discussed on the examples of newly developed relevant 1D/3D theoretical models. Important issues of fog impacts on the air quality, ecosystems, water basins, societal life, and human health are also addressed and discussed, particularly in cases of anthropogenically modified (chemical, radioactive, etc.) fogs. In view of reducing the possible negative effects of fogs, conclusions are drawn concerning the new demands and challenges to fog characterization imposed by the changing natural and social environment and the needs for new data on and approaches to more adequate observations of fog-related events.
Introduction
Fogs consist of a large amount of small liquid water droplets or ice crystals suspended in a certain air volume near the ground. The physical nature of fogs and clouds is the same. One can state that fog is a cloud touching the ground's surface. Fogs reduce the visibility in the surrounding area-according
where L is the specific latent heat and ∆v is the specific volume change accompanying the phase transition. According to the Clausius-Clapeyron relation, the equilibrium vapor pressure of the atmosphere (known also as "water-holding capacity") increases by about 7% per each 1 • C temperature rise. The water-holding capacity can be expressed approximately by the August-Roche-Magnus formula: e s (T) = 6.11 exp 17.63T T + 243.04 ,
where e s (T) is the equilibrium, or saturation, vapor pressure in hPa and the temperature T is in degrees Celsius. According to this formula, an increase of the atmospheric temperature (e.g., due to greenhouse effect) results in a corresponding exponential increase of the atmospheric absolute humidity for a constant relative humidity. It should be noted that the applicability of this deduction to atmospheric phenomena is debatable and could not be valid in cases of convective processes, which cause air drying, cloud formation, etc., due to relative humidity variations [11] .
Water Condensation Process: Droplet Nucleation-Conditions and Analysis
Nucleation-the process of forming droplet nuclei-is of great significance for ultrafine-mode particle, cloud, and fog formation. Two types of nucleation can be distinguished-homogeneous and heterogeneous, depending on the absence or presence of foreign nuclei/substances, respectively [12] .
Homogeneous nucleation occurs spontaneously and randomly, but it requires that the water-vapor critical supersaturation, or critical supercooling, be exceeded [13, 14] . It is responsible for the formation of new particles, which subsequently can serve as cloud condensation nuclei (CCN, see below). Cases have been observed of the CCN number increasing by a factor of more than two over the course of a single day due to newly formed particles. Numerous very tiny particles (with diameters of 3-15 nm) have been detected near clouds and close to the tropopause. The formation of ultrafine particles (diameter around few nm) and their subsequent growth to about 100 nm in the next two days has been observed in the continental boundary layer [15] .
Nucleation from a gas phase is the process responsible for the formation of a significant fraction of the total number of atmospheric particles. Four nucleation mechanisms are considered to be the most important ones, each of them taking place in a different part of the atmosphere [15] [16] [17] 
1. In industrial plumes and the free troposphere, the main nucleation mechanism is homogeneous binary water-sulfuric acid nucleation; 2. In the continental boundary layer, the most common one is homogeneous ternary water-sulfuric acid-ammonia nucleation; 3. In the upper troposphere and lower stratosphere, ion-induced nucleation of binary or ternary inorganic vapors or of organic vapors take place; 4. In coastal regions, the main mechanism is barrierless homogeneous nucleation of iodide species.
For drop formation in homogeneous water vapor (condensation of water vapor molecules in the absence of foreign condensation nuclei), supersaturations as high as several hundred percent would be necessary. Such high levels of supersaturation do not occur in the atmosphere. This is why cloud/fog droplets or ice particles do not form by homogeneous nucleation of supersaturated water vapor [13, 18] . The typical supersaturations observed in the atmosphere remains below 10% and most often even below 1% [13] .
An important factor facilitating water-vapor condensation into droplets is the presence of hydrophilic substances/particles in the atmosphere (heterogeneous nucleation). Droplets can grow to diameters of several micrometers to tens of micrometers. Condensation of supersaturated water vapor on soluble aerosol particles and on insoluble but wettable particles is responsible for fog/cloud droplets and ice particles formation. Particles having the potential to nucleate liquid cloud/fog droplets are called cloud condensation nuclei, whereas aerosol particles inducing formation of ice crystals are named ice nuclei [18, 19] . The ability of a certain type of particles to act as CCN at a given supersaturation level depends on factors such as size, solute content, presence of surface-active substances, wettability and shape of insoluble particles, and the presence of soluble gases. CCN originate from all mechanisms that lead to the formation of atmospheric aerosols [13, 18] .
The different aerosol particle types are briefly presented below. The aerosol types can be classified according to their size, origin (natural or anthropogenic), physical properties (liquid, solid, organic), sources (primary or secondary), geographical origin (desert, polar, continental, marine, rural, urban). The atmospheric aerosol particles can be distinguished into different modes according to their diameters [20] [21] [22] [23] [24] :
• Fine particles:
• Nucleation mode: 0.001-0.01 µm, • Aitken mode: 0.01-0.1 µm, • Accumulation mode: 0.1-(1 to 2.5) µm,
• Coarse mode: >(1 to 2.5) µm, • Giant particles: >10 µm.
The Aitken mode particles (also called Aitken nuclei) consist of sulfates, elemental carbon, metal compounds and organic compounds with a very low saturation vapor pressure at ambient temperature.
Accumulation mode particles encompass the coagulation of the smaller Aitken nuclei, sulfate (SO , and hydrogen (H + ) ions, as well as elemental carbon, a large variety of organic compounds, and metal compounds of Pb, Cd, Ni, V, Cu, Zn, Mn, Fe, etc. [25] .
The coarse mode is composed of suspended soil or street dust; ash and soot resulting from uncontrolled combustion of coal, oil and wood; nitrates and chlorides as HNO 3 and HCl; oxides of crustal elements (Si, Al, Ti, Fe); CaCO 3 , NaCl and sea salts; pollen, mold and fungal spores, as well as plant and animal fragments [25] .
The Aitken mode particles and the accumulation particles belong to the group of secondary aerosol particles. Aitken nuclei are made up of particles that are by-products of combustion (mainly from anthropogenic sources), as well as particles that are products of the gas-to-particle conversion process, which is considered as a natural source if the precursor gases are not anthropogenic (terpenes emitted by plants, for example). The coarse mode particles have direct sources (mainly natural) and fall into the group of primary aerosol particles [16, 25, 26] .
The sulfate aerosols are considered as being the most effective CCN, but, recently, the organic aerosols received particular attention and are now thought of as having activation capability comparable to that of sulfate aerosols. Organic CCN can arise from primary organic aerosols and secondary organic aerosols and be of both anthropogenic and natural origin [25, 26] . Combustion products originating from vehicular exhaust and biomass burning, as well as biogenic emissions, are the main sources of primary organic CCN, while secondary biogenic aerosols, secondary anthropogenic organic aerosols, and the oxidation products of soot are recognized as being the main sources of secondary CCN. Aerosols containing whole organisms, reproductive material, fragments, decaying organic matter, and products of bubble-bursting processes generated in the sea represent primary biogenic organic aerosols. Oxidation processes of volatile organic compounds (VOCs) emitted from biological organisms form secondary biogenic organic aerosols [26] . Some of the organic aerosols able to act as CCN, are:
1. Monocarboxylic acids (MCA) and dicarboxylic acids (DCA)-species observed predominantly in the gas phase, aerosols, precipitation-, cloud-and fog water, are the formic and acetic acids (belonging to MCA). In aerosol particles, DCA (oxalic acid, malonic, succinic acid) dominate, constituting only a small fraction of the total particulate water-soluble organic components in the atmosphere [26] . 2. Humic-like substances (HULIS)-fine particles with good water solubility consisting of polysaccharide and aliphatic substructures. Major components of continental organic aerosols are HULIS, which can also be of biogenic origin. They are considered as affecting the aerosol hygroscopicity, as well as the formation of CCN. HULIS have also been identified in fog droplets with a scavenging ratio similar to that of inorganic ions [26] . 3. Bacteria (0.25-8 µm in diameter)-a group of very metabolically diverse, prokaryotic, unicellular microorganisms. Sources of bacteria are found to be temperate vegetation zones, as raw crop areas (high primary production) and desert areas (relatively low production). Living and dead bacteria have been observed in clouds and fog, raindrops and hailstones, as well as in different parts of the atmosphere-boundary layer, upper troposphere, stratosphere (up to 41 km above sea level). Among the bacteria able to act as CCN at low saturation ratios (from 0.07% to 1%) are plant pathogenic bacteria Erwinia carotovora, as well as Gram-positive and Gram-negative bacteria-Micrococcus agilis, Mycoplana bullata, and Brevundimonas diminuta [26] . 4. Total and dissolved organic carbon (TOC and DOC)-significant amounts of organic carbon (C) have been found in fog and clouds. Its concentration varies from 1 mg C/L (in remote marine environments) to 100 mg C/L (in polluted radiation fogs). Very high concentrations, between 100 and 200 mg C/L, have been measured in biomass burning impacted clouds. In fog droplets, most of the organic matter is considered to be DOC [27] .
CCN with dry particle diameters >5 µm are often defined as Giant CCN (GCCN). They represent a small fraction of all particles and can be activated at very low supersaturations (≤0.02%). Before droplet activation, these particles are able to grow to diameters larger than 10 µm and act as collector drops. GCCN reduce the peak supersaturation in clouds-due to their large surface, they inhibit the activation of smaller particles, thus preventing the latter from taking part in cloud shaping [18] .
Formation and Types of Fog
Fog and clouds are a natural state of water condensates. The main difference between them is their place in altitude and the fact that the fog is closely near the ground surface. The difference in the size of droplets is also significant. In clouds, they may reach diameters of up to 6 mm. However, in mist and haze-other forms of water condensates in the free atmosphere very similar to fog-their diameters are less than 150 µm. Usually, the size of droplets in mist ranges between 50 µm and 150 µm. It is considered to be below 100 µm in fog and well below 1 µm in haze. In meteorological terms, they are classified with respect to their visibility-in cases of haze and mist, it is higher than 1 km. In mist, a high value of relative humidity should be present, while it should be below 80% in the case of haze.
The natural formation of fog starts when an air mass of relatively high humidity content comes in contact with a colder earth surface and thus cools down to the dew point.
Fog Types by Phase of Droplet
If the particles composing the fog have a hydro-meteorological origin-water vapor or ice-the fog is classified as a wetfog or as an icefog, respectively [5, 28] . At temperatures from 0 • C down to −12 • C, the fog can be in a liquid state, depending on the humidity [29] . Below −30 • C, it is composed of ice crystals and is called an ice fog [28, 30] .
Fog Types by the Kind of Particles: Radioactive and Chemical Fogs
Upon fog formation, with all the condensation conditions present (high relative humidity, low temperature, mild wind, etc.), its droplets collect various aerosols spread in the air. In some particular cases, radioactive aerosol pollutants can serve as condensation nuclei. Some of the airborne radioactive isotopes are positively charged (e.g., 7 Be and 210 Pb) [31] . The positive charge increases their hygroscopicity and, hence, the possibility of being associated with the polar water molecules, thus enhancing the fog formation efficiency. Radioactive aerosols can be of either natural (e.g., volcanic) or artificial origin. The latter could appear in the atmosphere as a result of imperfect treatment or storage of radioactive products in nuclear technologies, past nuclear tests, or, rarely, as a result of accidental reactor releases (e.g., Chernobyl, Fukushima) [32] . Natural or artificial biomass-burning can also increase the radioactive aerosols content in fogs and clouds. Bourcier et al. [33] have provided experimental evidence of biomass burning as a source of atmospheric 137 Cs present in cloud water. Fog droplets capturing radio-nuclides could either prolong or shorten the residence time of the radioactive atmospheric pollutants, by preventing fast deposition or enhancing it by scavenging [34] . Thus, fogs can play an important role in spreading, keeping close to the surface, and in wet deposition of radioactive particles, with direct impacts on the human health and ecosystems. However, difficulties arise in reliably detecting and quantifying the amounts of radio-nuclides in fog/cloud water because of their low absolute concentrations being below the activity detection thresholds. Thus, large amounts of fog water should be sampled to obtain reliable measurements. This is why a few works only have been published dealing with radioactive fog. Gibb et al. [35] have studied radionuclide deposition velocities. Presence of 7 Be and 210 Pb radio-nuclides in cloud water and rain water has been reported by Su and Huh [36] . They have observed specific activities of 7 Be and 210 Pb in cloud water samples spanning three orders of magnitude, in strong correlation with the samples' acidity. Bourcier et al. [33] were the first to determine the 137 Cs background level in cloud water and calculate the radionuclides' scavenging efficiencies for 7 Be, 210 Pb and 137 Cs.
Fog Types by Dynamical Origin
Radiation fogs are formed as a result of the nocturnal radiative cooling of the earth surface. The temperature of the air layer closest to the ground decreases via heat-transfer and, if the dew point is reached, fog generation starts from the ground rising up with the altitude [8] . Decisive conditions for such fog formation are temperature inversion and moderate wind speeds between 1 and 3 m/s (around 0.5-1.5 knots), while stronger winds would prevent the appearance of fog. Radiation fogs are usually formed in autumn, when the ground is wet, abundant evaporation takes place, and the nights are long enough for the temperature to fall significantly. Their formation can be stimulated by the orography-in valleys, due to the exchange with the free atmosphere, temperatures can decrease easily. After sunrise, the ground slowly warms up, the temperature inversion starts vanishing and fog becomes progressively less dense [37] .
Advection fogs are formed when a warm moist air mass moves to a cold surface, e.g., from a warm lake over a cold ground. As a result of the heat exchange with the cold surface, the air layers closest to the ground cool faster than the upper ones and, if the air mass is sufficiently moist, condensation starts.
Mixed type fogs-advection-radiation fogs are generally formed over continents during the cold seasons; they are very stable and dense.
Fogs of evaporation appear when a large source of water vapor from a warm surface is present in a cold air mass. This type of fog formation is often encountered in sea regions at high latitudes, e.g., Norway, or around lakes, rivers and swamps [4] .
Examples of other fog types are: inversion fog, frontal/precipitation fog (pre-frontal-, post-frontal-, frontal passage fog), orographic fog (up-slope fog), and cloud-base lowering fog.
The Effect of the Water-Vapor Partial Pressure on the Surface Tension and Freezing Point of the Liquid Water-Air Interface
The effective surface tension of a water droplet has been demonstrated to decrease as the air humidity increases [38, 39] , as shown in Figure 1 . A net flow of momentum associated with the ejection of molecules produces a "reaction pressure" on the liquid due to the law of action and reaction; this changes the effective or apparent surface tension. From a practical point of view, the dependence of the effective surface tension on air humidity may help explain the apparent discrepancies between the surface tension values obtained by different methods [40] , as some of them have not been performed in air with 100% relative humidity.
The analysis of evaporation rates and this "mechanical reaction" effect suggested that the distribution of kinetic energy of water molecules ejected from the liquid phase into the gas phase is far from being thermal continuous. Only the fastest molecules are ejected or "evaporated" from the liquid surface. The actual distribution function remains to be experimentally measured.
It is interesting to note that a practical application can be developed using processes, in which wetting is essential. Since the wettability of a solid surface increases as the liquid-air surface tension decreases, the surfactant effect of steam, although dependent on the curvature, opens a possibility for developing a promising economic and eco-friendly method of modifying the surface tension in an aqueous solution-air interface by acting on the air rather than on the liquid. It is sufficient to simply increase the air humidity in order to reduce linearly the surface tension of the interface. Conversely, by reducing the air humidity, the surface tension will be increased-at least for large droplets. Thus, the simple use of common devices to humidify or dry the air can substitute for the use of chemical products. Ultimately, it would be just water that could replace, at least partially, harmful surfactants [41] .
As the surface tension or the surface energy are critical factors in the thermodynamics of droplet's growth, it is clear that air humidity plays a fundamental role in fog stability. In fact, recent experiments demonstrated that the freezing of droplets is strongly dependent on the humidity [29] , as is shown in Figure 2 . This means that, within an uncertainty of ±0.4 • C, freezing of supercooled water is triggered whenever the line is crossed by cooling or by increasing humidity. This explains the existence of stable liquid water droplets in mists well below 0 • C.
Additionally, these results were confirmed for water in macroscopic containers, demonstrating the existence of surface ice crystals whose structure depends on humidity [42] . Theoretical interpretation in terms of Gibbs free surface energy demonstrates that entropy transfer from the gas phase to the surface of ice determines the whole transition. 
Fog Modeling and Forecasting
The processes of globalization, urbanization, and intensification of the economical and all other human activities, typical for the modern societal life, lead to considerable worldwide expansion of land-, water-, and air transportation. Due to the severe impacts of fogs on all types of transportation, the significance of fog/mist forecasting increases correspondingly. In order to provide reliable fog forecasting, adequate modeling of the processes of formation, presence, evolution, and dissipation/deposition of fogs becomes indispensable. As far as the distributions of water vapor and hydrometeors are highly variable in space and time, the precise analysis and forecasting are still challenging tasks [43] . In addition, few fog monitoring sites exist [44, 45] . Therefore, studying fogs on a spatial scale requires numerical modeling and simulations. A wide variety of theoretical models have been reported, concerning different aspects of fog physics, microphysics, chemistry, dynamics, etc., ranging from simple local 1D-models [46, 47] to large-scale complex 3D-models [48] . Mesoscale meteorological models have also been applied to regional forecasting of fog events [49] [50] [51] , including the fifth-generation mesoscale model (MM5) [52] .
The visibility Vis is one of the basic characteristics directly related to the effects and possible damage caused by fogs. This is why the parameterization of fog visibility is an important issue and a subject of extensive modeling. Typically, the relationship between the extinction coefficient and the liquid water content LWC is used in the visibility parameterization models [53] , resulting in the following expression:
where K 1,2 are empirically determined numerical coefficients (in many operational forecast models: [53, 54] ). It has been shown [55, 56] that for more adequate visibility parameterization, particularly under warm-fog conditions, it is necessary that the droplet number concentration N d be also taken into account as an independent variable along with the LWC. According to the experimental relation of Jiusto [57] , the visibility is directly related to the average cloud droplet radius (and hence to the number concentration) and is indirectly related to the LWC. A new visibility parameterization scheme has been offered in the case of warm fog [54, 56] , regarding visibility as a function not only of LWC, but also of the droplet number concentration N d :
where (N d LWC) −1 = χ f i is the so-called fog index.
The fog microphysics of the 1D Parameterized Fog (PAFOG) model [58] is incorporated into and fully coupled with the 3D NOAA Nonhydrostatic Mesoscale Model [59] and used in experiments for parameterization of fogs and low-level clouds in the planetary boundary layer.
In the work of Zhang et al. [60] , parameterization of fog visibility and its relationship with other fog properties, particularly microphysical ones, have been investigated. Two parameterization schemes (one considering LWC only, the other considering both LWC and N d ) are applied to four fog cases, including dense and light fogs. The results obtained support the conclusions that the optimized parameterization scheme considering the two parameters (LWC and N d ) provides a better approximation to the observed visibility, yielding (in the case of dense fogs) a relative error of 5%, as compared to the one considering LWC only, with a relative error of 20%.
It has been demonstrated that the use of the Global Positioning System (GPS) can be expanded into many fields, including the GPS meteorology, by using the delay of GPS signals passing through the atmosphere between GPS satellites and receivers [61, 62] . An integrated Water Vapor (IWV) model based on GPS observations has been used in climatology along with the numerical weather prediction (NWP) model [63] . The GPS IWV model is also applied as a new approach to fog detection and assessments by studying (in time domain) the relationship between the GPS IWV and meteorological observations during formation, evolution, and dissipation of dense fog [64, 65] .
The rate of water-vapor phase transformations and their dynamics are described and studied by using the water-continuity equation (Euler equation):
where q t is the total water content, q v is the water vapor content, and q c is the cloud water content. Four fog types, including radiation-, advection-, and mixed fog, as well as lack of fog, are analyzed on different time-scale series. The best results, in terms of predictability, are obtained for the radiation fog, while the worst ones concern the mixed fogs. The GPS IWV is assessed to be rather an auxiliary approach to analyzing fog formation and evolution dynamics.
The two-dimensional positive matrix factorization (PMF) model has been used to identify aerosol sources affecting fog formation [66] . Decomposing a time-series aerosol chemical data set, four fog formation factors are identified: secondary species, biomass burning aerosols, dust, and sea salt. The particle mass is predicted with a satisfactory fitting accuracy and relative standard deviations.
Along with the fog formation and evolution, the processes of fog-surface interactions and deposition are also subjected to extensive modeling, as an important factor for the water balance of ecosystems. Too little is known about the magnitude and the temporal and spatial variability of fog deposition and its driving forces for mountain ecosystems.
In order to analyze quantitatively and to understand the mechanisms and features of fog water deposition on the underlying surface, various approaches have previously been developed and used [46, 67, 68] .
To study fog occurrence, acidification, and deposition in mountain forests, the scheme of fog deposition onto vegetation has been incorporated into the Weather Research and Forecasting (WRF) meteorological model in view of calculating the removal of cloud liquid water due to fog deposition [69] [70] [71] . By using a modified version of the model, better predictions concerning the liquid water content of fog than the original version of WRF are achieved [72] .
The one-dimensional model of Lovett [46] , on the rates and mechanisms of cloud water deposition to a subalpine balsam fir forest, has been tested experimentally on a monthly basis [47] . A relatively poor agreement between the model and measurements has been found, suggesting the limited applicability of the model for correct predictions, mainly to the fog deposition order of magnitude.
An important aspect of fog-surface interaction is the deposition of different chemical substances by fogs, when fog droplets intercept with vegetation. It is known that the concentration of ions in fog is much higher than in rain water [73] , favoring the higher rates of chemical deposition on forests and canopy by fog, and affecting the ecosystems, particularly in mountainous areas characterized by more frequent fog occurrences [74] .
In a series of works, Shimadera et al. [75] [76] [77] [75] . A two-dimensional fog deposition model has been developed and used to predict the turbulent fog water flux, together with the Community Multiscale Air Quality (CMAQ) modeling system and meteorological fields produced by the MM5. By using the model, the amounts of sulfur and reactive nitrogen compounds NO x (NO, NO 2 , NO 3 , N 2 O 5 , HNO 3 , HONO, aerosol nitrate) deposition by fog have been estimated [76] . The annual deposition of sulfur (SO 2 and SO 2− 4 ) by fog in a mountain region has been studied, as compared to dry and wet deposition mechanisms, by using a combination of three numerical models, namely: the WRF model, the CMAQ model, and a fog deposition model [77] . It is ascertained that the sulfur deposition amount by fog is larger than that by dry deposition and comparable to the one by wet deposition. The accuracy of model predictions concerning deposition of polluting ions by fog water is critically analyzed.
The advection-diffusion equation of fog can be written as follows [77] :
where U is the horizontal wind component (ms −1 ), K H is the eddy diffusivity of heat (m 2 s −1 ), S I M and S S are fog water deposition terms by inertial impaction and gravitational settling of fog droplets on leaves, respectively. Normally, the main deposition mechanism is inertial impaction. However, under low-speed wind conditions, the relative weight of gravitational settling could increase [46] . The deposition terms S I M and S S are defined by
where A L is the one-sided leaf area density (m 2 m −3 ), ε I M is the efficiency of inertial impaction, v s is the gravitational settling velocity of fog droplets, κ x and κ z are the portions of the effective leaf area for deposition of fog droplets by inertial impaction and gravitational settling, respectively. All coefficients present in Equations (3)- (8) can be determined empirically or from the literature (e.g., [69] ). By using Equations (6)- (8), the processes of fog diffusion/advection and deposition could be analyzed.
Comprehensive studies on and analyses of fog modeling and forecasting/nowcasting, including method and model classification and characterization, can be found in the review of Gultepe et al. [5] , as well as in the reports of various Actions of the European Cooperation in Science and Technology (COST Actions) (e.g., [78] ).
Forecasting fogs in synoptic meteorology is a very difficult task. Even the currently most advanced numerical weather models have troubles in predicting precisely fog formation. This may be related to the strong influence of local conditions, in addition to the lack of consideration of the proper surface tension physics. However, as mentioned above, there are ways to predict fog bearing in mind the development of the atmospheric circulation. For example, during the movement of a cold front over a well-known warm surface with enough humidity, fog would often appear in the morning [79] . Another synoptic situation assisting in fog forecasting is the absence of wind in the eye of an anticyclone. This state of the atmosphere favors temperature inversions, particularly in the case of taking place over valleys with water basins or rivers [80, 81] .
Detection and measurement of ground fogs by satellites is a modern instrument for operational nowcasting applications and studies on the climate processes and changes [82, 83] .
Fog Impacts

Impacts on Air Quality
Urban air pollution is commonly known as smog (smoke + fog) [84] or, in some cases, as haze-fog [85, 86] . Two types of smog exist: classical (London type) smog and photochemical (Los Angeles type) smog. Classical smog results from the interaction of particulate matter with sulfur dioxide and occurs near the ground, under windless conditions and temperatures around 0 • C-normally in autumn and winter. Photochemical smog is typical for the summer season, occurring usually near midday, since it is caused by the effect of NO x , CO, O 3 , and VOCs interacting with solar radiation [3, 87, 88] .
As the smog/haze-fog contains polluting primary or secondary particulate matter and, possibly, irritable chemicals, it can have severe negative effects on the air quality and human health [89, 90] . The smog/haze-fog formation basically depends on the atmospheric aerosol loading levels and meteorological state, particularly, on air humidity. Important factors defining or influencing the loadings of the atmospheric air with polluting aerosols or chemical compounds and, by this manner, the occurrence and evolution of smog/haze-fog, are the natural air circulations and solar irradiation [24, 91, 92] , as well as some anthropogenic ones resulting from traffic or industrial fuel combustion, heating, fires, or of other industrial and construction human activities [93] [94] [95] .
Improving the air quality in several major cities in Brazil, Argentina, Canada, the UK, and the USA is found to be among the reasons (along with urban heat island) for fewer dense-fog events [96] . In contrast, in China, increased aerosol loadings, along with the weakening of the East Asian winter monsoon circulations, have caused a doubling of the winter fog event frequency over the past three decades [97] .
Fog droplets are found to be efficient in scavenging boundary layer pollutants and removing them from the atmospheric air. They also assist in the production of strong acids by aqueous-phase reactions. High ionic concentrations, especially of NH Deposition of these large droplets on surfaces leads to a decrease in fog water ionic concentration in the course of a fog event. Ammonia is found to neutralize high concentrations of acidic anions in fog water [98] .
Weiss-Penzias et al. [99] have investigated total mercury (HgT) and monomethyl mercury (MMHg) concentrations in fog water. They reported mean HgT concentrations of 10.7 ± 6.8 ng/L and mean MMHg concentrations of 3.4 ± 3.8 ng/L. The MMHg concentrations measured in fog water were higher by about a factor of five than those found in rain water. Fog is recognized as being an important source of MMHg to coastal ecosystems, accounting for 7-42% of HgT and 61-99% of MMHg of the total atmospheric deposition.
Impacts of Fog on Human Health
Air pollutants, such as nitrogen oxides ( NO x ), sulfur dioxides (SO 2 ), ozone (O 3 ), sulfuric acid (H 2 SO 4 ), and nitric acid (HNO 3 ), are among the constituents of acid fog; most of the fog acidity is attributable to the latter two [6] . The increase in respiratory mortality and morbidity, and of cardiopulmonary and lung cancer mortality is associated with exposure to fine aerial aerosol particles (in particular acidic ones), microbes, sulfur oxide and sulfur dioxide [6, 7, 100, 101] (see Table 1 ). Table 1 . Effects of air/fog pollutants on human health.
System and Diseases Pollutants
Respiratory system NO x , SO 2 , O 3 , VOCs, microbes, heavy metals (As, Cd, Cr, Cu, Ni, Va, and Zn), PM 2.5 and PM 10 Cardiovascular system NO 2 , SO 2 , O 3 , CO, dioxins, heavy metals (As, Cd, Hg, and Ni), PM 2.5 and PM 10 Hematological system VOCs (benzene), heavy metals (Cd, Cu, Pb, and Zn) Urinary system Heavy metals (As, Cd, Pb, Ni, and Zn) Nervous system CO, VOCs, dioxins, heavy metals (As, Cu, Pb, and Hg) Digestive system Dioxins, heavy metals (Zn) Muscular system CO Reproductive system Heavy metals (Cd, Pb, Ni, and Zn)
Spontaneous abortion, fetal growth, fetus central nervous system development, Heavy metals (Pb), dioxins, NO 2 children mental development and infant mortality
Bone diseases
Heavy metals (Cd and Ni) Skin diseases Heavy metals (As, Cr, and Ni) Alzheimer and Parkinson diseases Heavy metals (Zn)
Genetic damages to the chromosomes, VOCs (benzene), heavy metals (Rh, Pt, Pd) cyto-toxic, mutagenic
Cancer NO x , SO 2 , O 3 , CO, VOCs, dioxins, heavy metals (As, Cd, Cr, Pb, Hg, Ni, Rh, Pt, Pd, Va, and Zn) Notes: VOCs-volatile organic compounds; PM 2.5 and PM 10 -particulate matter with diameters < 2.5 µm and < 10 µm, respectively.
The exposure to sulfur dioxide tends to exacerbate airway constriction in exercising asthmatics at exposure concentrations attainable in ambient air. Nitrogen dioxide shows slight unfavorable respiratory effect at ambient concentrations. Sulfuric acid has been suggested to increase the bronchial reactivity and to change the mucociliary clearance at concentrations higher than the ambient range, but no significant effect has been observed at concentrations within the ambient range [102] . Further investigations have been carried out by Avol et al. [103] . They explored the short-term respiratory effects of sulfuric acid in fog by exposing 44 adult volunteers (normal and asthmatic) to light fogs (with different sulfuric acid concentrations) in a controlled-atmosphere chamber. Their results showed a slight effect on the pulmonary function, even at the highest sulfuric acid concentration, and a modest increase in respiratory symptoms with increasing acid concentrations. The authors concluded that no pulmonary dysfunctions and only slight respiratory symptoms are likely to occur in response to inhalation of fog containing sulfuric acid.
Tanaka et al. [6] investigated the association between asthma-related hospital visits and meteorological factors or air pollutants. They studied 102 adult asthmatic patients (44 nonatopic and 58 atopic) in a period of two years. The results showed significantly lower levels of gaseous pollutants on foggy days, compared to fog-free days, which could be due to the absorption of gaseous air pollutants by the fog, resulting in an increase of the acidity of fog water. A weak correlation was found between the mean pH on a foggy day and the number of hospital visits by nonatopic asthmatic patients. Concerning the meteorological factors, air pollutants and their relation to asthma-provoked hospital visits, it is reported that an increase of hospital visits was observed in the case of fog, high water vapor pressure and low concentrations of NO and NO 2 (in nonatopic patients) and NO 2 and SO 2 (in atopic patients). High ozone concentrations and low day-to-day temperature differences also contributed to hospital visits in nonatopic subjects. The authors concluded that naturally occurring acid fog may have a weak bronchoconstrictive effect, especially on nonatopic asthmatic patients.
A recent investigation on fog-induced respiratory response, suggesting a possible way to attenuate it, has been carried out by Lavorini et al. [104] on 14 healthy subjects. They found that fog inhalation is capable of inducing cough and changes in breathing patterns in healthy subjects.
The effects were evaluated of no drug, placebo, and 4-and 8-mg nedocromil sodium (NCS) administration on the cough threshold and changes in breathing patterns during fog inhalation. The results showed that NCS possesses antitussive effects and reduces changes in the pattern of breathing induced by fog.
Recently, N-nitrosodimethylamine (NDMA) in clouds and radiation fogs was suggested to be a potent carcinogen [105, 106] . It is readily soluble in water and has been found mostly in industrial and manufacturing areas [106] . Hutchings et al. [105] have observed NDMA at substantial concentrations (7.5-397 ng/L) in fogs and clouds.
Numerous studies of the air pollution impact on human health have been carried out. We will mention here a few of them only, bearing in mind that naturally occurring acid fog, for example, is associated with some of the gaseous air pollutants and acidic aerosols, as well as that some of the aerosol particles present in the atmosphere act as CCN during cloud and fog formation.
In his study, Pope III [107] observed a correlation between elevated PM 10 levels and the number of hospital admissions for pneumonia, pleurisy, bronchitis, and asthma. He reported that when:
1. 24 h PM 10 levels exceeded 150 µg/m 3 , the average number of admissions of children nearly tripled; in adults, the increase in admissions was 44% 2. Mean PM 10 levels were greater than or equal to 50 µg/m 3 , the average number of admissions for children and adults increased by 89% and 47%, respectively.
Strong correlation was observed between PM 10 levels and hospital admissions for bronchitis and asthma, especially in the case of children.
Pope III et al. [100] explored the long-term exposure to fine aerosol particles and its relation to the observed cardiopulmonary and lung cancer mortality. Their results showed the following relation between fine aerosol particles (especially PM 2.5 ), sulfur oxide-related pollutant and all-causes, lung cancer and cardiopulmonary mortality: the risk of all-causes, cardiopulmonary, and lung cancer mortality increased by 4%, 6%, and 8%, respectively, for each 10 µg/m 3 increase in fine particulate air pollutants. Bigger particles (coarse mode) and total suspended matter were not consistently associated with mortality [90] . The effects of air/fog pollutants on human health and their mechanisms of action can be summarized as follows:
• NO x affects mainly the respiratory system, causing nose and throat irritation, bronchoconstriction, dyspnoea (especially in asthmatics), and respiratory infections. NO 2 provokes emphysema-like lesions [7] and is also related to increased rates of infant mortality and cardiovascular diseases [87] .
• SO 2 influences the respiratory system in a way similar to nitrogen oxides.
• O 3 causes lung inflammation and reduction of the lung function [7] . It is also recognized to initiate cardiovascular diseases and cause acute coronary events in middle-aged adults without heart disease [87] .
• CO affects the cardiovascular system, binding hemoglobin to modify its conformation and reduce its capacity to transfer oxygen, which in turn affects both the brain and heart. CO causes impaired concentration, confusion, slow reflexes, hypoxia in the nervous system, affects the muscular system [7, 87] .
• Volatile organic components, such as benzene, for example, induce hematological problems [7] affect the central nervous system, cause anemia, lymphopenia, thrombocytopenia, pancytopenia [87] . Benzene causes also a certain type of leukemia [87, 89] . Other effects caused by VOCs include eyes, nose, and throat irritation, headache, nausea, dizziness [87] . All types of gaseous pollutants could cause cancer [7, 87] .
• Dioxins affect the cardiovascular system, increasing mortality caused by ischemic heart disease; the nervous system, decreasing nerve conduction speed and impairing mental development of children; the digestive system, inducing cell damage, gastrointestinal and liver cancer; growth and development of the central nervous system of the fetus.
• Heavy metals influence the respiratory system, causing asthma, emphysema and lung cancer (arsenic, nickel, vanadium); the cardiovascular system, inducing tachycardia, increased blood pressure, anaemia (mercury, nickel, arsenic); the nervous system, causing memory disturbances, sleep disorders, anger, fatigue, hand tremors, blurred vision, slurred speech, and neurological cancer (arsenic, lead, mercury); the urinary system, inducing kidney damage, stone formation, nephrocalcinosis, and renal cancer. Lead exposure during pregnancy increases the risk of spontaneous abortion and reduced fetal growth, congenital malformations and lesions of developing nervous system. • Particulate matter (especially, ultrafine and fine particle size modes) affects the respiratory system, inducing lung inflammation; the cardiovasculary system, leading to obstruction of blood vessels and myocardial infarction [7] .
Impacts of Fog on Plants and Microorganisms
Investigations have been performed on the impacts of fog on plants, such as the red spruce [108] and beech [109] , as well as on hypolithic microbial communities [101, 110] . Percy et al. [108] reported that red spruce exposure to pH 4.2 acid fog increased wax quantity for a certain period, but a longer exposure decreased it; reduced the rate of de novo wax synthesis; changed the composition of wax reducing production of secondary alcohols (pH 3.0 fog). Acidic fogs also influence the cuticular membrane thickness and wettability of needles. Nara et al. [109] have investigated the decline of beech forest by observing precipitation, fog and stem flow. Seasonal variations in the pH of fog water (ranging from 4.2 to 6.4) were observed with higher values from May until mid-August. Higher concentrations of most chemical species were seen in fog samples, in comparison with precipitation samples. The pH of the stem flow ranged from 4.2 to 5.3. The authors reported also that more potassium and magnesium ions were leached by acidic precipitation from unhealthy trees, than from healthy trees. Based on model results, they suggested that the polluted air over the Tokyo Metropolitan Area has affected the fog acidity.
Most recently, Warren-Rhodes et al. [110] investigated the role of fog and other factors in physical ecology of hypolithic microbial communities in Namib Desert and showed that fog sustains and impacts the hypolithic ecology, effectively replacing the rainfall, and enables high hypolithic abundance; it is also responsible for smaller size-class rocks to be colonized at a higher proportion, due to the higher availability of water.
Impacts of Fog on Aviation and Public Transportation
A wide variety of human activities are affected by fog occurrence. In some cases, fog causes inconvenience and high costs, in other, death. Fog reduces the visibility, which impacts our ability to drive, sail, fly, etc. [2, 111, 112] . Gultepe et al. [5, 113] pointed out that the total economic loss, associated with the impact of fog on all types of transportation (air, sea, land), can be comparable to those of tornadoes or, in some cases, winter storms and hurricanes. Croft [2] reported research on deadly accidents and financial losses due to fog occurrence. In fog-prone regions, fog has been cited up to 10% of the time as the primary cause of accidents, particularly, in multiple-vehicle crashes. The average claim for one vehicle is nearly $8000 and over one million dollars for a multiple-vehicle crash. Concerning sea transportation, fog may slow or stop shipping operations, if the visibility range is below 0.5 km. The financial losses may range from $ 10,000 to $ 25,000 per day per ship and into millions for even a moderately active harbor or port of call. In air transportation, visibility of at least 1.207 km is required for takeoff and landing for most flight operations [2] . Airports covered by fog often cancel take-offs and refuse to accept airplanes for security reasons [114] . Delayed or canceled flights may cost to the airlines between $5000 and $25,000 per flight [2] . The losses associated with heavy fog event in the pre-Christmas period of 2006 at seven British airports have been estimated to at least £25 million [113] . In Canada, approximately 50 people per year die because of motor vehicle accidents, in which fog was a contributing factor [5, 113] . In the USA, 13,720 people died as a result of fog-related accidents in the period between 1995 and 2004 [111] . Many people have died all over the world in fog-related ship collisions and aviation accidents. Fog impacts also a variety of military rescue operations, space shuttle operations and contributes to supply delays, property damages, sporting events cancellation, affects adversely the operation of schools and colleges and travel time reliability, etc. [2, 111, 115] .
Numerous studies have been carried out on developing methods for artificially eliminating fog from airports. One of the most recent ones, conducted by Czyż and Markowski [114] , was related to the influence of an acoustic field on the dispersed phase of a fluid, and intended to use this innovative technology for airport fog precipitation. It has been shown that, if the air is saturated sufficiently with water vapor, an increase of the fog droplet size occurs under the influence of an acoustic field, so that fog precipitation is achieved under specific conditions.
Conclusions
Clouds and fogs are essential for the Earth's climate. In spite of the abundant research on this topic, it is still an open field for research and development. Accordingly, important issues to be addressed still remain, such as how the atmospheric water cycle is affected by water droplet nucleation and condensation, or how to achieve better understanding and characterization of the mechanisms and conditions for cloud/fog formation, existence, and decay. This imposes new demands and challenges to the cloud/fog research, needing more and permanent monitoring and studies of fogs, due to their importance for the environment and societal life.
Fog forecasting remains a challenging task, necessitating updating of our knowledge on dropletand water-air-interface physics. Existing 1D and 3D fog models should be updated regularly to keep their relevance or new ones should be developed, requiring new parameterization schemes and data. Since the meteorological models evolve faster because of the large number of stations and abundance of parameterization data, combining fog models with mesoscale and regional meteorological models appears to be effective and fruitful for more adequate fog parameterization and forecasting.
The intensification of the use of combustive and polluting technologies and power sources in industry and transportation affects the natural fog composition, provoking more frequent and longer-lasting smog occurrences in industrial and urban areas, with severe impacts on air quality and human health. In addition, increasing production and usage of artificial fogs, along with their usefulness and advantages, can also be a potential source of allergies and other side effects, as well as a subject of non-correct dangerous or damaging applications.
In summary, fogs are important factors influencing the environmental balance, air quality, ecosystems, transportation, and human health. Fog research has achieved remarkable progress in understanding the nature and mechanisms of fog formation, existence, and decay. Still, the constantly changing natural and social environment impose new demands and challenges, needing new efforts, data, and approaches, aimed to better and more adequate parameterization, modeling, and forecasting of fog events, in order to reduce their negative environmental, social, and medical effects.
